Despite the long term interest in hydroxyoximes as metal ion extractants, there is a lack of information on the possible coordination modes these ligands can assume, particularly in concert with a co-ligand. This is pertinent to the use of these extractants in synergistic systems, where a combination of extractants can achieve commercially useful results. We report here the structures of some metal complexes (M = Mn, Co, Ni, Cu, and Zn) with (1-hydroxycyclohexyl)-phenyl ketone oxime. The results demonstrate that this ligand can support complexes ranging from mononuclear to trinuclear, in association with anionic and neutral co-ligands in some cases. While these results have been obtained in the solid state, they illustrate a range of possible species that may be formed in extractant solutions.
Introduction
Hydroxyoximes have been used in solvent extraction (SX) processes on an industrial scale for decades. Despite this history, there is a need to improve the effectiveness of SX processes, to face the challenges of declining ore quality, and the complications of extracting metals from recycled materials. 1 One approach towards improving SX systems is to exploit combinations of extractants that act as synergistic systems, where the performance of the mixture exceeds that of the individual components. One such mixture is the combination of LIX 63 (containing the aliphatic a-hydroxyoxime 5,8-diethyl-7-hydroxydodecan-6-oxime) with various organic acids, particularly the carboxylic acid extractant Versatic 10. 2 While this synergistic system is currently being implemented for commercial use, 3 challenges remain. For example, the secondary hydroxyl group in LIX 63 provides a pathway to oxidative degradation of the extractant, 4 which impacts on the economics of the process. 4a,5 We have recently demonstrated that a tertiary reagent, (1-hydroxycyclohexyl)-phenyl ketone oxime, L, resists oxidative degradation while maintaining synergistic SX behaviour with Versatic 10. 6 Thus, we are interested in how the a-hydroxyoxime L interacts with metal cations, especially in combination with other ligands. Relatively few a-hydroxyoxime metal complexes have been structurally characterised, which is somewhat surprising given the industrial relevance of this class of ligand. a-Benzoin oxime has been reported to support the formation of some spectacular "molecular wheels" and coordination polymers with copper and nickel.
7 Some oligomeric manganese complexes of a-hydroxy oximes with interesting magnetic properties have also been reported. 8 We have reported mononuclear complexes of nickel and cobalt with a C8 analogue of LIX 63. 3, 9 No metal complexes of L have been reported to date. Here we report the structural characterisation of complexes of L, with manganese(II, IV), cobalt(II), nickel(II), copper(II) and zinc(II), in the presence of neutral and anionic co-ligands. The complexes range from mononuclear to trinuclear, and indicate that complex mixtures may be present in an industrial solvent extraction process utilising such a ligand as a metal extractant.
Experimental Syntheses
All manipulations were performed under aerobic conditions, and reagents and solvents were used as received. The ligand (1-hydroxycyclohexyl)-phenyl ketone oxime, L, was synthesised as reported previously. 6 Crystals of L suitable for a single crystal structure determination were obtained by diffusing ether into a solution of L in ethyl acetate.
[NiL2(OH2)(ONO2)]NO3, (NiL). Nickel(II) nitrate hexahydrate (51 mg, 0.175 mmol) was suspended in ethyl acetate (30 mL) and sonicated for 10 minutes. Oxime L (114 mg, 0.52 mmol) was then added and the solution sonicated for an additional 10 minutes. The slightly cloudy solution was filtered and allowed to stand and evaporate, forming crystals suitable for single crystal X-ray structure determination.
[ZnL2(OH2)(ONO2)]NO3, (ZnL). The same procedure used for NiL was followed, substituting zinc(II) nitrate hexahydrate for the nickel salt.
[MnL2(OH2)(ONO2)2], (MnL). The same procedure used for NiL was followed, substituting manganese(II) nitrate tetrahydrate for the nickel salt.
[CuL2{OPPh(O)(OH)}2], (CuL). Phenylphosphinic acid (20 mg, 0.14 mmol) dissolved in 0.8 mL of 99:1 ethyl acetate:methanol was added to Cu(NO3)2.2.5H2O (0.0183 g, 0.079 mmol) in hexanes (4.5 mL) and the mixture was sonicated for 20 minutes. Triethylamine (19.5 µL, 0.14 mmol) was added to the solution and it was sonicated for a further 20 minutes. A solution of the oxime L (0.10 g, 0.45 mmol) in ethyl acetate (2.5 mL) was added and the mixture sonicated for 20 minutes. The solution was then left to slowly evaporate and afforded small blue crystals of CuL suitable for single crystal X-ray structure determination.
[{CuL2(OSO3)}2].(C4H8O2), Cu2L. The same procedure used for NiL was followed, substituting copper(II) sulfate pentahydrate for the nickel salt.
[Mn3(L-2H)6].0.5H2O, Mn3L. The same procedure used for MnL was followed, except triethylamine (0.43 mmol) was added to the final solution. Dark purple crystals of Mn3L were deposited on standing.
[Co3(L-H)4(O2CC3H7)2], Co3L. Cobalt(II) nitrate hexahydrate (52 mg, 0.177 mmol) was partially dissolved into a solution of iso-butyric acid (39.8 µl, 0.43 mmol) in ethyl acetate (30 mL). After 10 minutes of sonication, the oxime L (114 mg, 0.52 mmol) was added to the solution and sonication continued for a further 10 minutes. The slightly cloudy solution was filtered and left to evaporate, resulting in the formation of crystals suitable for X-ray analysis.
Crystallography
Crystallographic data for the structures were collected at 100(2) K (150(2)K for CuL) on an Oxford Diffraction Xcalibur or Gemini diffractometer fitted with Mo Kα radiation. Following analytical or multi-scan absorption corrections and solution by direct methods, the structures were refined against F 2 with fullmatrix least-squares using the program SHELXL-97. 10 Anisotropic displacement parameters were employed for all the non-hydrogen atoms with hydrogen atoms refined by use of a riding model with isotropic displacement parameters based on those of the parent atoms unless otherwise stated. Results are given in Table 1 and in Figures 1-7. In Figures 2-7 non-C atoms are drawn with 50% probability amplitude displacement ellipsoids with hydrogen atoms being omitted. OH hydrogen atoms have been included as spheres of arbitrary radii. All H atoms have been included in Figure 1 . Full details of the structure determination have been deposited with the Cambridge Crystallographic Data Centre with deposit numbers included in Table 1 (16) . The accompanying hydrogen atoms were not located. For Co3L, the phenyl ring of one oxime ligand and several atoms of the coordinated iso-butyrate ligand were modelled as being disordered over two sets of sites with occupancies set at 0.5 after trial refinement. Residual electron density was effectively removed by use of the program SQUEEZE. A hydrogen atom located on O121 was refined with geometries restrained to ideal values. The hydrogen atom assumed to be on O2 was not located.
Results and Discussion
Crystals of the ligand L were obtained by diffusing ether into an ethyl acetate solution. The structural characterisation showed that the molecule was present as the anti isomer, consistent with previous reports. 6 There are two independent molecules per asymmetric unit. These are hydrogen bonded through the NOH groups to form a hydrogen bonded dimer as shown in Fig.1(a) . There are further hydrogen bonds between the hydroxyl hydrogen atoms of both molecules to the molecules of the dimer related by an inversion centre thus forming a hydrogen bonded tetramer ( Fig. 1(b) ). Combining the hydroxyoxime L with nickel(II), and zinc(II) nitrates resulted in the crystallisation of isomorphous monomeric 6-coordinate complexes. The coordination spheres include two bidentate neutral hydroxyoxime ligands, disposed in a cis configuration (Figure 2 ). The remaining two coordination sites are occupied by two unidentate ligands, one nitrate anion and one water molecule (Ni, Zn). There is an intra-molecular hydrogen bond between H1 on the NOH of one oxime ligand to the coordinated nitrate oxygen atom. There are also hydrogen bonds from the coordinated water molecule (H10A), and the hydroxyl group OH(121), to the uncoordinated nitrate. The hydrogen on the NOH group of the remaining oxime, H2, and the remaining water molecule hydrogen atom, H10B, both form hydrogen bonds to the uncoordinated nitrate anion related by a crystallographic inversion creating a hydrogen-bonded dimer ( Figure S1 ). The remaining hydroxyl hydrogen atom, H221, also forms hydrogen bonds to a centrosymmetrically related uncoordinated nitrate anion but one which is transformed by a cell translation in the c direction, thus forming a one-dimensional hydrogen bonded polymer ( Figure S1 ). The analogous Mn(II) complex, MnL, is similar to the Ni and Zn complexes, but is essentially 7-coordinate with both nitrate anions coordinated, one being asymmetric bidentate and the other unidentate ( Figure 3 ). There are intramolecular hydrogen bonds between each of the NOH hydrogen atoms and a coordinated oxygen atom of each of the nitrate groups. Intermolecular hydrogen bonding is observed between the hydroxyl hydrogen atoms and the uncoordinated nitrate oxygen atoms of the molecules related by inversion centres again forming a one dimensional hydrogen bonded polymer ( Figure  S2 ). 4 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 2012 While no appropriately crystalline product was obtained with copper(II) nitrate alone, addition of phenylphosphinic acid resulted in the crystallisation of CuL. The complex structure was found to be similar to those already discussed, with two bidentate L ligands, and two unidentate phenylphosphonato ligands, bound to the metal atom. The phosphonato ligands presumably result from oxidation of the phenylphosphinic acid during the crystallisation process. There are two independent molecules in the asymmetric unit. The intramolecular hydrogen bonding is similar in both molecules where OH and NOH hydrogen atoms interact with oxygen atoms of neighbouring hydrogen phenylphosphonato ligands. The OH hydrogen atoms of both hydrogen phenylphosphonato ligands on both molecules form further hydrogen bonds to centrosymmetrically related molecules in the b direction forming a one-dimensional hydrogen bonded polymer parallel to the b axis ( Figure S4 ).
The reaction of copper(II) sulfate with L resulted in the crystallisation of a dimeric species, Cu2L, formulated as Cu2(L)4(SO4)2, solvated by one ethyl acetate molecule. The molecule consists of a dimer of Cu(L)2(OSO3) units linked by weaker Cu-O bonds to bridging sulfate groups. The two halves of the molecule are related by a pseudo 2-fold axis perpendicular to the Cu2O2 plane. The molecule is further stabilised by intra-molecular hydrogen bonds from the NOH and hydroxyl hydrogen atoms to each of the oxygen atoms of the bridging sulfate groups ( Figure 5 ). (1) is situated on a 3 " crystallographic centre and coordinates to the six N atoms, the coordination sphere being a slightly distorted octahedron. The 'outer' Mn atoms bond to the oxygen atoms of the three hydroxy groups and three oxime N atoms forming a more distorted octahedron (Figure 6 ). The structure is very similar to that obtained with 1-hydroxy-1,1-diphenylpropan-2-one oxime (dpo) under similar conditions. 8b Figure 6 . Structure of the molecule of Mn3L. The prime refers to the atom at 4/3-x, 2/3-y,5/3-z.
The addition of L to a combination of cobalt(II) nitrate and isobutyric acid resulted in the crystallisation of a trinuclear complex, formulated as [Co3(L-H)4(O2CC3H7)2] (Figure 7) . The coordination about the central Co atom is octahedral, with an N2O4 set of donor atoms, whereas the other Co atoms is 5-coordinate, NO4. The Co atoms are bridged by two oxime moieties and one hydroxy O atom. While the specific protonation states of the ligands are rendered somewhat uncertain by the disorder in the structure, this appears to be the first example of a polynuclear cobalt complex supported by an a-hydroxyoxime ligand. 
Conclusions
It has been shown that the coordination chemistry of ahydroxyoxime ligands is versatile, and allows the coordination of secondary ligands to a number of transition element cations. Consistent with previous work using related ligands, polynuclear complexes can be supported by these ligands under appropriate conditions, bridged by the oxime or hydroxyl moieties. Polynuclear systems can also be formed by bridging co-ligands (sulfate anions in the example here). A common feature of these complexes is the extensive intramolecular Hbond interactions, such that the oxime ligands are involved in both the first and second coordination spheres of the metal ion. 12 These interactions are likely to stabilise the complexes formed and may have a significant impact on the solution phase speciation. 13 Work is underway to examine the behaviour of ahydroxyoxime ligands with varying alkyl and aromatic substituents, to probe the impact on both intra-and intermolecular hydrogen bond formation in these complexes. Overall, the results suggest that industrial liquors based on these types of synergistic extractant mixtures are likely to be comprised of a complex array of coordination complexes. 
